Oxidative stress, inflammatory response, and mitogen-activated protein kinases (MAPKs) cascade are significant pathogenic factors of osteoporosis. It has been reported that elevated homocysteine (Hcy) may activate oxidative stress and reduce bone mineral density in post-menopausal osteoporosis. Moreover, hormone replacement therapy has been widely used in clinic to prevent and treat post-menopausal women with osteoporosis and osteoporotic fracture, but the molecular mechanisms and relevant signal transduction pathways underlying the action of Hcy remain unclear. In this study, we investigated the effects of 17β-estradiol (17β-E 2 ) on the Hcy-induced oxidative stress, inflammatory response and MAPKs cascade, as well as the underlying signal transduction pathway in murine Raw 264.7 cells. The reactive oxygen species (ROS) was assessed by fluorospectrophotometry. The proinflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β were analyzed by double-immunofluorescence labeling and reverse transcriptase polymerase chain reaction assay, respectively. Furthermore, phosphorylation levels of MAPKs cascade were measured by western blot analysis. A specific phosphatidylinositol 3-kinase (PI3-K) inhibitor, Wortmannin (1 μM) was employed to determine whether PI3-K/Akt signaling pathway mediated the 17β-E 2 's effect on Raw 264.7 cells. 17β-E 2 markedly decreased the ROS production induced by Hcy, the expression of TNF-α and IL-1β at protein and mRNA levels, and down-regulated the phosphorylation of MAPKs (ERK1/2, JNK and p38). These suppressing effects of 17β-E 2 on Hcy-induced changes were reversed by pretreatment with PI3-K inhibitor Wortmannin. The results indicate that 17β-estradiol may attenuate Hcy-induced oxidative stress, inflammatory response and up-regulation of MAPKs in Raw 264.7 cells via PI3-K/Akt signal transduction pathway.
Introduction
With an increasingly aging population, osteoporosis and resultant bone fracture have emerged as a major public health problem across the world, placing a huge economic burden on healthcare service resources [1] [2] [3] . There are many risk factors responsible for osteoporosis and osteoporotic fracture. It has been reported that an elevated level of homocysteine (Hcy) is one of the risk factors relevant to osteoporotic fracture [4, 5] . Hcy may contribute to oxidative stress and reduce bone mineral density (BMD) in post-menopausal osteoporosis [6] . Moreover, it has also been demonstrated that Hcy-lowering therapy reduced the bone loss and occurrence rate of hip fracture [7] .
Mitogen-activated protein kinases (MAPKs) family has been implicated in the production of proinflammatory mediators and cytokines [8] . Furthermore, a multitude of studies have reported that the increased production of reactive oxygen species (ROS) and, proinflammatory cytokine, as well as the activation of MAPKs may lead to bone loss and osteoporosis in vitro or in vivo [9] [10] [11] .
Estrogen plays an important role in maintaining the bone mass and structure through regulating the balance between bone-resorbing osteoclasts and bone-forming osteoblasts in adult [12] . A recent study showed that estrogen deficiency promoted osteoclast activation and subsequent bone loss in ovariectomized mice [13] . Moreover, in clinic, it has also been shown that hormone replacement therapy (HRT) significantly increases BMD and reduces the bone turnover markers (BTMs) [14, 15] . However, the underlying molecular mechanisms of how estrogen inhibits the activation of osteoclasts induced by Hcy and the relevant signal transduction pathway remain largely unknown.
The Raw 264.7 cell line derived from murine macrophage has been wildly used as an osteoclast-like cell model in vitro. In our previous study, we have found that lipopolysaccharide (LPS) treatment increases the production of NO, the expression of tumor necrosis factor (TNF)-α and interleukin (IL)-1β, and up-regulates the phosphorylation of MAPKs in Raw 264.7 cells, which is dependent on the activation of PI3-K/Akt pathway [16] . Additional studies have also demonstrated that ROS formation and inflammation in response to LPS or other stimuli may be regulated via MAPKs or PI3-K/Akt signal pathway in Raw 264.7 cells [17] [18] [19] . In this study, we proposed that Hcy may stimulate Raw 264.7 cells by activating inflammatory response and MAPKs activation, thereby increasing the generation of intracellular ROS, and that 17β-E 2 may prevent macrophages from Hcy-induced activation via PI3-K/Akt pathway. To test this hypothesis, we examined the direct effects of 17β-E 2 on Hcystimulated oxidative stress and inflammatory responses, as well as activation of MAPKs activation in Raw 264.7 cells, and the potential role of PI3-K signaling in this process.
Materials and Methods

Cell culture and treatments
Raw 264.7 cell line obtained from American Type Culture Collection (Manassas, USA) was cultured and maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Gaithersburg, USA) containing 10% fetal bovine serum (FBS) (Hyclone, Logan, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma, St Louis, USA) at a density not exceeding 1 × 10 5 cells/ml at 37°C in a 5% CO 2 incubator. Cells (∼1 × 10 6 cells/ml) were seeded in six-well plates before exposure to treatments. Raw 264.7 cells were pretreated with 17β-E 2 (Sigma) at 1 nM, 10 nM, and 1 μM for 1 h, followed by stimulation with Hcy (5 mM; Sigma) for 1 h. Raw 264.7 cells were pretreated with Wortmannin (1 μM) (Sigma) for 1 h, followed by 17β-E 2 and Hcy stimulation. 
Cell viability assay
Double-immunofluorescence labeling
The coverslips with adherent Raw 264.7 cells derived from different treatments were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 15 min, rinsed twice with PBS, and then used for double immunofluorescence labeling. Raw 264.7 cells were incubated with DAPI (1 : 50,000; Sigma) plus goat anti-rabbit TNF-α monoclonal antibody (1 : 500; Cell Signaling Technology, Charlottesville, USA) or anti-IL-1β monoclonal antibody (1 : 500; Cell Signaling Technology) overnight at 4°C. Subsequently, the cells were incubated with TRITC-conjugated secondary antibody (Santa Cruz, Santa Cruz, USA) for 1 h at room temperature. For negative controls, a set of culture slides was incubated under similar conditions without the primary antibodies. All images were captured with a fluorescence microscope (80i; Nikon, Tokyo, Japan).
Reverse transcription-polymerase chain reaction analysis
Total RNA was extracted from Raw 264.7 cells using Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocol. Total RNA was reverse transcribed by using the Superscript TM -III kit (Invitrogen) with 2.5 μg total RNA and oligo dT. The sequences of primers were as follows:
TNF-α primers, 5′-CGTCAGCCGATTTGCTATCT-3′ (sense) and 5′-CGGACTCCGCAAAGTCTAAG-3′ (antisense).
IL-1β primers, 5′-GCCCATCCTCTGTGACTCAT-3′ (sense) and 5′-AGGCCACAGGTATTTTGTCG-3′ (antisense).
β-actin primers, 5′-AGCCATGTACGTAGCCATCC-3′ (sense) and 5′-GCTGTGGTGGTGAAGCTGTA-3′ (antisense). Polymerase chain reaction amplifications were performed for 45 cycles under the following conditions: initial denaturation at 95°C for 15 min, denaturation at 95°C for 15 s, annealing at 60°C for 25 s, and extension at 72°C for 20 s. Amplified fragment sizes for TNF-α, IL-1β, and β-actin were 205, 229, and 222 bp, respectively. Images were captured with a Gel Doc 2000 image analyzer (Bio-Rad, Richmond, USA).
Western blot analysis
Raw 264.7 cells were seeded overnight in 6-well plates at a density of 1 × 10 6 cells per plate. The cells were further incubated in DMEM medium with 10% FBS free for at least 1 h before treatments. Treated cells were collected and incubated with ice-cold PBS and centrifuged at 16,000 g for 5 min at 4°C. Cells were lysed in ice-cold lysis buffer, and the whole cell lysate was centrifuged at 16,000 g for 5 min at 4°C, and the supernatants were collected. Protein content was determined by the BCA protein assay kit (Pierce, Rockford, USA). Proteins (∼50 μg per lane) from whole cell lysate were loaded and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, then transferred onto an immunoblot polyvinylidene difluoride membrane (Chemicon, Billerica, USA). The membranes were blocked with 5% non-fat milk in 0.1% Tween 20 in Tris-buffered saline (TBST) for 2 h at room temperature and incubated separately with goat anti-rabbit antibodies against ERK1/2, phospho-ERK1/2, JNK, phospho-JNK (1 : 1000; Cell Signaling Technology), p38 MAPK and phospho-p38 MAPK (1 : 1000; Santa Cruz) overnight at 4°C. The membranes were then washed three times for 15 min with TBST, and incubated with horseradish peroxidase conjugated secondary antibodies (1 : 2000; Santa Cruz) for 2 h at room temperature. The membranes were washed with TBST three times for 5 min each and developed by the ECL detection system (Santa Cruz). The bands were exposed to Fuji Medical X-Ray Film (Fuji Photo Film Co., Ltd, Karagawa, Japan), and the band density was determined by Image J software (NIH, Bethesda, USA).
Statistical analysis
The values were expressed as the mean ± standard error of the mean (SEM) from three independent experiments. The statistical analysis was performed by one-way analysis of variance, followed by Student-Newman-Keuls test for various groups. P < 0.05 was considered to be significant. The SPSS 13.0 statistical software package was used in the analysis.
Results
17β-E 2 and Wortmannin had no toxic effect on the viability of Raw 264.7 cells
To exclude the possibility that any change may result from direct toxicity of 17β-E 2 and the PI3-K inhibitor Wortmannin on the cells, the cytotoxicity of 17β-E 2 (0, 1 nM, 10 nM, 1 μM) and Wortmannin (1 μM) was assessed in the presence or absence of 5 mM Hcy by MTT assay. The results showed that 17β-E 2 , Hcy, or Wortmannin alone and together exerted no significant cytotoxicity on Raw 264.7 macrophage cells (Fig. 1 ).
17β-E 2 decreased Hcy-induced intracellular ROS production in Raw 264.7 cells
To determine the effect of Hcy on intracellular ROS generation in Raw 264.7 cells, the cells were treated with Hcy (1, 3, 5, and 8 mM) for 1 h. As shown in Fig. 2A , treatment with Hcy caused a significant increase in ROS production, especially at 3 and 5 mM Hcy treatment ( Fig. 2A) . However, pretreatment with 17β-E 2 (1 nM, 10 nM, and 1 μM) significantly decreased the ROS generation induced by Hcy (5 mM) in Raw 264.7 cells, especially at 10 nM 17β-E 2 (Fig. 2B) . These data suggest that 17β-E 2 suppresses intracellular ROS production in Hcy-stimulated Raw 264.7 cells. 17β-E 2 inhibited Hcy-induced inflammatory cytokines expression via PI3-K/Akt signaling pathway in Raw 264.7 cells
Cells were stimulated with 5 mM Hcy for 1 h with or without 17β-E 2 pretreatment (1 nM, 10 nM, and 1 μM) for 1 h. The results showed that Hcy treatment resulted in the significant increases of TNF-α and IL-1β at both protein and mRNA levels. However, pretreatment with 17β-E 2 (1 nM, 10 nM, and 1 μM) for 1 h markedly reduced the expression of TNF-α and IL-1β at both protein and mRNA levels compared with Hcy treatment alone (Figs. 3 and 4) . To further investigate whether this inhibitory effect of 17β-E 2 was associated with the PI3-K/Akt pathway, a specific PI3-K inhibitor Wortmannin was used.
The results showed that pretreating Raw 264.7 cells with 1 μM Wortmannin for 1 h significantly rescued the down-regulation of TNF-α and IL-1β induced by 17β-E 2 ( Figs. 3 and 4) . These results suggest that 17β-E 2 inhibits Hcy-induced inflammatory cytokines TNF-α and IL-1β at protein and mRNA levels via activation of the PI3-K signaling pathway.
Wortmannin reversed the inhibition of 17β-E 2 on the Hcy-induced MAPKs phosphorylation in Raw 264.7 cells
To further investigate the upstream signaling molecules involved in inflammatory responses which were induced by Hcy and suppressed by 17β-E 2 in Raw 264.7 cells, cells were stimulated with 5 mM Hcy for 1 h with or without 17β-E 2 pretreatment (1 nM, 10 nM, and 1 μM) for 1 h. Western blot analysis was carried out to measure the expression of phospholated or total forms of three MAPKs such as ERK1/2, JNK, and p38. The results showed that Hcy treatment alone led to a dramatic increase in phosphorylation of ERK1/2, JNK, and p38, while no any effect on the total forms (Fig. 5) . Pretreatment with 17β-E 2 (1 nM, 10 nM, and 1 μM) for 1 h significantly down-regulated the phosphorylation of ERK1/2, JNK, and p38 compared with Hcy treatment alone (Fig. 5) . Pretreatment of Raw 264.7 cells with 1 μM Wortmannin for 1 h rescued the inhibition of 17β-E 2 on the phosphorylation of ERK1/2, JNK and p38 induced by Hcy (Fig. 5) .
Discussion
Postmenopausal osteoporosis and resulting fractures are becoming one of major public health issues. Bone strength is determined by bone mass as well as bone quality. Low bone mass and microarchitectural deterioration of bone tissue lead to fragile bone and subsequent fracture risk. Major risk factors of osteoporosis and osteoporotic fracture include aging, endocrine disorder, malnutrition, heredity, immunity, and so on. As one of the possible risk factors, Hcy was firstly linked to osteoporosis caused by hyperhomocystinemia (HHcy), a rare genetic disorder characterized as serious homocystinuria and complicated atherosclerosis and osteoporosis [20] . Hcy is a non-protein α-amino acid, which is biosynthesized during methionine metabolism via a multi-step process [21] . Furthermore, recent studies demonstrated that HHcy could reduce BMD, increase bone loss and turnover, leading to osteoporotic fractures, especially in elderly persons [22, 23] . Moreover, it was shown that HHcy compromised fracture repair in mice [24] . It has also been demonstrated that Hcy-lowering therapy attenuated the bone loss and occurrence rate of hip fracture [7] . Collectively, these findings strongly suggest that elevated Hcy is a risk factor for osteoporosis and osteoporotic fractures. With respect to the pathogenesis and mechanism of Hcy-induced bone tissue injury, it has been reported that Hcy directly activated osteoclasts through increasing the production of intracellular ROS [25] . Yilmaz and Eren showed that mildly elevated homocysteinemia may contribute to increasing total peroxide levels and reducing total antioxidant status in the low BMD group [6] . Hcy is also thought to interfere with collagen cross-linking, resulting in bone disorder and increased susceptibility to fracture [26, 27] . On the other hand, several investigations reported that no or weak associations between Hcy and decreased BMD or fracture occurrence in postmenopausal women [28, 29] . In fact, the most basic mechanism in all risk factors leading to osteoporosis is the imbalance between bone resorption and formation, while hormonal factors strongly influence the rate of bone resorption in adult. Postmenopausal osteoporosis and osteoporotic fracture is an epidemic across the world due to decreased estrogen level in elder females. Up to date, the active effects of estrogen have been found to be relative to osteoblast proliferation and increased production of alkaline phosphate in cells treated with estrogen [30] , and decreased differentiation of bone marrow mononuclear cells into mature osteoclasts in postmenopausal women in vivo [31] . 17β-E 2 could improve bone mass and suppress bone resorption by stimulating IL-10 and TGF-β1 secretion [32] . In addition, HRT has been developed into the selective estrogen receptor modulators (SERMs) in phase-3 clinical trials. It has been revealed that SERMs significantly reduced the risk of vertebral fracture and BTMs, and increased BMD in post-menopausal women without stimulating the breast or endometrium [33, 34] . These researches have in part provided concrete evidence for the protective and therapeutic mechanism of estrogen to osteoporosis and osteoporotic fracture. A study from Vijayan et al. [35] confirmed that highmethionine diet-induced hyperhomocysteinemia increased the synthesis of inflammatory cytokines such as IL-1α, IL-1β, and TNF-α, while such up-regulation could be exacerbated by ovariectomy, which is consistent with our results. In this study, we showed that 17β-E 2 (1 nM, 10 nM, 1 μM) significantly reduced the production of ROS in 5 mM Hcy-treated Raw 264.7 cells. This study also demonstrated that 17β-E 2 attenuated the expression of TNF-α and IL-1β at protein and mRNA levels in Hcy-stimulated Raw 264.7 macrophage cells. As a result, the data are consistent with previous findings that estrogen inhibits oxidative stress and down-regulates proinflammatory mediators and proinflammatory factors, suggesting the potential beneficial effects of estrogen on osteoclast-like cells by suppressing the inflammatory response and subsequent ROS generation. PI3-Ks are a family of enzymes involved in cell signaling pathways that regulate many cellular functions such as cell growth, proliferation, differentiation, survival, and motility, as well as many pathological conditions [36] . Recently, evidence has suggested that PI3-K/Akt signaling pathway plays an important role in osteoclast differentiation and osteoclastogenesis [37] [38] [39] . Likewise, it is generally accepted that Hcy-induced activation of macrophages and endothelial cells is involved in the PI3K/Akt signaling pathway, ERK and oxidative stress [40] [41] [42] .
Hence, based on the involvement of PI3-K associated signal cascades in the Hcy-induced inflammatory responses, we first investigated whether 17β-E 2 attenuated Hcy-induced inflammatory cytokines via PI3-K/Akt signaling pathway. We found that Wortmannin (1 μM) pretreatment significantly rescued the inhibition of 17β-E 2 on TNF-α and IL-1β. The results demonstrate that the down-regulation of 17β-E 2 on inflammatory cytokines is in part dependent on PI3-K/Akt activation, and TNF-α and IL-1β are the downstream targets of PI3-K/Akt signal pathway. Additionally, inhibition of PI3-K can induce the expression of proinflammatory mediators and cytokines production in LPS or Hcy-stimulated microphages and cardiomyocytes and glomerular mesangial cells [16, 43, 44] . These reports further strengthen our findings, and demonstrate a pivotal role of PI3-K/Akt signaling in the regulation of proinflammatory cytokines in various cell types.
It has become clear that MAPKs are ubiquitous in many organisms. The proinflammatory responses involved in MAPK signal transduction pathways have been extensively investigated [8] . MAPKs are implicated in the responses to a host of stimulus, such as proinflammatory cytokines, osmotic stress, heat shock, and mitogens, which regulate inflammation, proliferation, differentiation, mitosis, cell survival, and apoptosis [45] . It has also been shown that MAPKs play important roles in up-regulating the expression of classic proinflammatory enzymes iNOS, COX-2, and cytokines TNF-α and IL-1β in various types of cells treated with LPS [46] [47] [48] . It has long been recognized that inflammation significantly impacts bone turnover, and inflammatory cytokines such as IL-1, TNF-α, and M-CSF that are associated with osteoclastic bone loss [49] . Several studies reported that increased Hcy stimulated these inflammatory parameters in serum, heart, and brain tissue in vivo or in vitro [50] [51] [52] , suggesting that Hcy might be associated with inflammatory response. At present, it is clear that MAPK and PI3-K/Akt signaling pathways can cross-talk with each other [53, 54] . To our knowledge, there have been few studies investigating whether or not estrogen improves Hcy-induced inflammatory response and the activation of MAPKs is dependent on PI3-K/Akt signaling pathway in Raw 264.7 cells. To investigate the molecular signaling pathway by which 17β-E 2 attenuates Hcy-induced phosphorylation of MAPKs and whether PI3-K/Akt is involved in 6 cells/ml were seeded in six-well plates and incubated until 80% confluency. Cells were pre-treated with 17β-E 2 (1 nM, 10 nM, and 1 μM) for 1 h with or without Wortmannin (1 μM), then exposure to Hcy (5 mM) for 1 h. Whole cell lysate was prepared, and western blot analysis was performed by using specific antibodies against phospho-or total forms of ERK1/2, JNK, and p38 MAPK as mentioned above. The relative protein levels were quantified by scanning densitometry and normalized to total ERK1/2, JNK, or p38 MAPK. The values shown are the mean ± SEM of data from three independent experiments. # P < 0.05 vs. control alone. *P < 0.05 vs. Hcy alone. Δ P < 0.05 vs. Hcy +17β-E 2 .
this process in Raw 264.7 cells, we also examined the effect of 17β-E 2 on phosphorylation (activate form) of three MAPKs in Hcy-induced Raw 264.7 cells. As expected, we found that Hcy treatment upregulated the levels of phosphorylated MAPKs including ERK1/2, JNK, and p38 MAPK. However, 17β-E 2 pretreatment down-regulated the Hcy-induced phosphorylation of MAPKs and decreased ROS production and TNF-α and IL-1β expression. Furthermore, to further confirm whether the inhibition of 17β-E 2 on inflammatory response was mediated through PI3-K/Akt pathway, Wortmannin, a specific PI3-K inhibitor was employed. Pretreatment of Raw 264.7 cells with 1 μM Wortmannin for 1 h prior to Hcy and 17β-E 2 treatment prevented the down-regulation of 17β-E 2 on the phosphorylation of ERK1/2, JNK, and p38 and the expressions of proinflammatory cytokines TNF-α and IL-1β. These results altogether suggest that the ability of 17β-E 2 to inhibit inflammatory response and phosphorylation of MAPKs family is mediated by PI3-K signaling pathway.
In conclusion, this study showed that Hcy could increase intracellular ROS generation in Raw 264.7 cells, which could be attenuated by 17β-E 2 . In addition, we provided the first evidence that 17β-E 2 could inhibit the MAPKs activation and reduce proinflammatory cytokines production, in response to Hcy in Raw 264.7 cells, which is dependent on PI3-K/Akt pathway. Thus, 17β-E 2 exerts its cytoprotective effects on osteoclast-like Raw 264.7 cells via PI3-K/Akt pathway.
